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The red flour beetle (Tribolium castaneum), a pest of stored agricultural products, has emerged 37 as a promising system for biological research. It is a representative of the order Coleoptera, 38
which comprises approximately 40% of known insect species and 25% of all known animals [1] . 39
While Drosophila melanogaster is by far the most popular insect model system, many aspects 40 of its development and physiology are not representative of insects in general, and so findings 41 in Tribolium may be more broadly applicable to insects in many cases. Furthermore, Coleoptera 42 includes significant agricultural pests such as the corn rootworm, Colorado potato beetle, and 43
Asian longhorn beetle, and so using Tribolium as an insect model may lead to advances in pest 44
control. 45
Advances in genetic tools have cemented the status of Tribolium as the second model 46 insect of choice behind Drosophila. Transgenic Tribolium may be obtained using various 47 transposons [2, 3] and more recently via CRISPR/Cas9-mediated genome editing [4] . Eye-48 specific fluorescent markers have also been developed to aid identification of transgenics [2] . 49 Transposition techniques have been used in for insertional mutagenesis, allowing the 50 identification of essential genes as well as enhancer traps [5] . Another valuable tool for 51 functional genomics, RNA interference (RNAi) via injection of eggs, larvae, or adults, has been 52 implemented in Tribolium, both in targeted studies [6] [7] [8] and in a large-scale screen of the 53 protein-coding genome [9] . Lastly, the GAL4/UAS system, a popular choice for spatiotemporally 54 controlled expression of a gene of interest in Drosophila, has been demonstrated to function in 55
Tribolium in the presence of a species-specific basal promoter [10] . 56
Despite the proliferation of tools for genetic analysis and manipulation of Tribolium, 57 notable gaps remain. In the case of the GAL4/UAS system, only two driver lines are available, 58 one using a heat shock promoter [10] and the other making use of the odorant receptor co-59 receptor (Orco) regulatory regions [11] . Furthermore, Tribolium strains with visible phenotypic 60 markers of known genetic location, which are staples of classical genetic analysis, are not 61 readily available. Here, we present a set of reagents to address these issues and enhance the 62 utility of Tribolium as a genetic model organism. We first present a GAL4 driver line that 63 employs a ribosomal gene promoter to direct expression in the fat body and can serve as an 64 second effective marker for transgenesis. In addition, we describe a GAL4-inducible cellular 65 reporter in which the nucleus and endomembrane system are labeled with different fluorescent 66 proteins, acting as a robust means by which to analyze cellular structure, particularly with 67 respect to neurons. Furthermore, both the GAL4 and UAS cloning vectors are designed to 68 accept any gene or genomic region of interest to generate new drivers and reporters. We also 69 address the lack of visible phenotypic markers in Tribolium by using CRISPR to disrupt two 70 genes involved in cuticle pigmentation via homologous recombination with cassettes containing 71 an attP site to facilitate future genomic insertion of DNA of interest using the φC31 integrase. 72
The tools presented here represent a valuable resource for the 
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Construction and implementation of a ribo-GAL4 driver 132 Inducible expression of a transgene of interest is a key capability in any genetic model 133 organism. In Drosophila, the bipartite Saccharomyces cerevisiae GAL4/UAS (upstream 134 activating sequence) system, in which the GAL4 transcription factor binds to a 17-bp motif within 135 the UAS to drive transcriptional activation, is frequently used for spatiotemporally controlled 136 expression of a gene of interest [16] . In Tribolium, the GAL4-UAS system has been 137 demonstrated to be functional when the UAS is coupled with the hsp68 basal promoter and 138 driven by heat shock-inducible GAL4 [10] . However, no ubiquitous GAL4 drivers have been 139 reported for Tribolium. Such drivers are useful when screening for an organismal or 140 developmental phenotype of overexpression or knockdown. 141
In an attempt to generate a ubiquitous and constitutive GAL4 driver line, we considered 142 a previous study in which the promoter of a ribosomal protein gene (TC006550) was used to 143 drive high-level expression in the Tribolium TcA cell line [12] . We thus replaced the heat shock 144 promoter of our p130der vector (see Materials and Methods), bearing the basal hsp68 promoter 145 and GAL4Δ, with the TC006550 promoter. GAL4Δ is a variant of GAL4 in which the N-and C-146 termini, containing the DNA-binding and transcriptional activation domains, are directly fused 147
[17]. This variant of GAL4 has been shown to increase transactivation by ~2-fold in Drosophila 148 [18] . We then transferred the TC006550 promoter and GAL4Δ coding region to a piggyBac 149 vector containing 3xP3-EGFP, enabling selection of transgenics by fluorescence in 150 photoreceptors. This vector was injected into a Tribolium line lacking eye pigmentation 151 (vermillion white (v w )) with 3xP3-DsRed-marked piggyBac transposase integrated into the X 152 chromosome [3] . Resulting adults were outcrossed to v w and progeny were assessed for GFP 153 expression in the retina. TC006550-GAL4Δ transformants (hereafter referred to as ribo-GAL4) 154 were identified and the DsRed-marked transposase was removed through subsequent crosses 155 and two independent insertions were generated. 156
To assay the functionality of the ribo-GAL4 driver line, we crossed it to a previously 157 described UAS-GFP responder line [10] . Larvae displayed strong whole-body fluorescence (Fig.  158 1A-C) and fluorescence is maintained throughout pupal development and into adulthood as 159 expected for a ubiquitous expression. However, further examination revealed fluorescence was 160 only detected in the putative fat body (Fig. 1D-G) and absent from other tissues (e.g. the gut, 161 muscle, and CNS). We speculate that the lack of ubiquitous GAL4 expression in the ribo-GAL4 162 line may reflect tissue-specific differences in ribosomal protein gene expression [19] and that, 163
given the apparent in vivo expression profile of TC006550, the TcA cell line may be derived 164 from fat cells. 165 There are numerous reporters available for highlighting cell structure and function. Our goal was 177 to test whether these reporters could be simply swapped into a universal UAS cloning vector for 178
Tribolium with zero or minimal changes to the already existing sequence. We chose nls-EGFP-179 T2A-mCherryCAAX [13] to test the utility of bicistronic fluorescent reporter expression for 180 studying cell morphology as well as the use of the viral T2A peptide in Tribolium. When 181 combined with our ribo-GAL4 line, mCherry expression could easily be detected in whole larvae, 182 mimicking the spatial and temporal pattern obtained with cytoplasmic GFP (Fig 1A-C) . To 183 confirm the expression and localization of both the nuclear GFP and the endomembrane linked 184 mCherry we examined the subcellular localization of each in fat cells. Colocalization with DAPI 185 confirmed the subcellular localization of GFP in the nucleus with mCherryCAAX bound to 186 membranes (Fig 1D-G) . These results indicate that existing fluorescent reporters can be easily 187 implemented in Tribolium using our UAS vector and that the T2A peptide can be used for 188 multicistronic gene expression in Tribolium. Characterization of yellow-edited adults revealed that cuticles of newly eclosed beetles 233 were noticeably lighter than those of their v w counterparts, but their color darkened over time 234 until they were difficult to distinguish from the parental line (Fig 3) . In contrast, adults with 235 homozygous disruption of ebony displayed substantially darker cuticular pigmentation than 236 parental v w individuals (Fig. 4A-B) and DsRed fluorescence in their eyes (Fig. 4C) . While ebony 237 CRISPR individuals were clearly phenotypically distinct from the parental line, their cuticle was 238 not as dark as individuals injected with ebony dsRNA (http://ibeetle-base.uni-239 goettingen.de/details/TC011976). We speculate that this difference is due to the location of the 240 gRNA target site. It lies within the seventh exon of ebony, which falls after the sequences 241 encoding all but one predicted functional domain of the protein ( We surmise that the failure of the ribo-GAL4 line to drive ubiquitous reporter expression 266 is attributable to its late pupal origin [24] , reflecting cell type variability in TC006550 expression. 267
Indeed, heterogeneity in ribosomal protein expression across cell types has been widely 268 reported [19, [25] [26] [27] . Other potential candidates for the establishment of a ubiquitous GAL4 line 269 include the α-Tubulin1 promoter, which has been shown to drive ubiquitous GFP expression 270 throughout the Tribolium life cycle [28] , and the Polyubiquitin promoter [29] . The p130der 271 plasmid permits efficient insertion of any potential genomic sequence for designing future GAL4 272 lines. Furthermore, our data demonstrates that any established reporter can be cloned into our 273 modified version of pSLfa[UAS-Tc'Hsp-p-tGFP-SV40] [10], p119der, for direct expression in 274
Tribolium. Future variations/deviations of both p130der and p119der will include an attB site for 275 direct insertion into known genomic positions as well as a fluorescent marker to enable rapid 276 screening of transgenics. 277
While we successfully disrupted the yellow and ebony loci via CRISPR, the visible 278 phenotypes associated with these editing events were unpredictable. In particular, disruption of 279 yellow resulted in a slow-tanning phenotype, with young adults displaying a visibly lighter cuticle 280 than the parental strain that then darkened until it was indistinguishable from that of non-edited 281 beetles. In the case of ebony, we were able to achieve a marked darkening of the cuticle using 282 our disruption strategy, but our mutation was potentially hypomorphic when compared to ebony 283 RNAi, which yielded a darker black-body phenotype. Table. DNA oligonucleotides used in this work. 303
